INTRODUCTION
We present the sixth edition of the linkage map of Salmonella typhimurium, comprising 532 genes. The first edition of the map contained 133 genes (383) , and subsequent editions were in 1967 (380) , 1970 (381), 1972 (382) , and 1978 (385) . All genes presently known to us are included on the linkage map ( Fig. 1 ) and are listed in Table 1 , but references presented in earlier editions of the map are not normally included. Alternative gene symbols are listed in Table 2 .
In addition, we review some new methods and materials for genetic analysis which are presently available for use in S. typhimurium.
THE LINKAGE MAP
The basic structure of early editions of the map was based on interrupted conjugation experiments with Hfr strains, which allowed the placement of P22 transduction linkage groups around a closed circle of 138 min. As more data accumulated on transduction groups, genes placed at nearby locations were found to be linked by transduction. In the fifth edition the map was modified in two ways. First, we changed the map to 100 min, corresponding to the 100-min time-of-entry Escherichia coli K-12 map, rather than retaining the 138-min map determined originally in S. typhimurium. This was done to facilitate comparisons with the similar linkage map of the closely related species E. coli, and because the "minute of entry time," as a measure of map distance, has become less important as measures of transduction frequency and, more recently, of DNA length have become available. Second, the linkage map was presented as 10 linear 10-min intervals, for convenience of display.
We have retained the basic system used in the fifth edition in this version. The 100 min of the map are based on P22 "phage lengths." P22 can encapsulate 26 to 27 megadaltons of DNA (357, 402) ; this is estimated to be about 1/100 of the Salmonella chromosome. The linear distance between genes is calculated from P22 cotransduction data by a formula derived by Kemper (212) , c = 1 -t + (t x ln t), where c = cotransduction frequency and t = the linear distance between genes measured as the fraction of the length of the DNA of a transducing particle. Phages KB1 and ES18, like P22, were also assigned a 1-min length, but as in E. coli the P1 transducing fragment was assigned a 2-min length (24) .
The formula used by Bachmann (24) to calculate the E. coli map distances, devised by Wu (490) , is c = (1 -d/L)3, where c = cotransduction frequency, d = the distance between markers in minutes, and L is the length of the transducing fragment in minutes. The two formulas produce similar estimates of map intervals from cotransduction data. However, where the cotransduction frequency for phage P22 or phage P1 is greater than ca. 30%, the Wu formula estimates slightly longer intervals; when it is less than ca. 30%, the Kemper formula estimates slightly longer intervals. In the S. typhimurium map, the net effect of the use of the Kemper formula is to estimate slightly longer transduction linkage groups than would be produced from the Wu formula, but this influence is probably considerably less than other sources of error or variation in the data. Since calculating these distances, we have analyzed the two means of estimating distance. In our opinion, Wu' s is the better of the two methods. Kemper markers that are far apart, this class of fragment will contribute heavily to the total number of selected recombinants and to the calculated cotransduction frequency.
These methods of estimating physical distance from cotransduction frequency assume that the entire length of the transduced fragment is homologous to a chromosomal equivalent, that these fragments are chosen at random, and that recombination is equally probable along this length. When insertion mutations are present in the donor and when deletion mutations are present in the recipient, a segment of the fragment is not homologous to the host chromosome. In these cases it is probably easiest to estimate distance by using a fragment size reduced by the amount of nonhomologous material carried in the donor fragment. Thus, the fragment size used again represents the length of material available for recombination. This is a crude approximation since it does not account for fragments that end within the nonhomologous sequences.
The, linkage maps of E. coli and S. typhimurium show overall homology of gene location, which supported the decision to display the linkage map of S. typhimurium as 100 min. Certain map differences have been noted for some years, and these were discussed earlier (385) . As analysis of the map intervals becomes more detailed, a larger number of differences may be found. These may turn out to represent the insertion of noncoding sequences into the chromosomes of the two genera at different locations. The following are known or probable differences between the linkage maps.
(i) The gene segment in the ca. 25 -to 35-min regions of the linkage maps is inverted between E. coli and S. typhimurium (77, 382) ; this has been discussed in detail (385) .
(ii) There is no lac gene activity in S. typhimurium. Lampel and Riley (250) have shown that genetic material corresponding to the lac genes is missing from S. typhimurium.
In a few cases, genes indicated to have similar phenotypes are given the same name, but are shown at very different locations for the two genera (24; this paper). These include the following: cod, cytosine deaminase-69 min on the S. typhimurium map, 94 min in E. coli; pck, phosphoenolpyruvate carboxykinase-13 and 75 min; pheR, regulatory gene for pheA-64 and 94 min; pil, type I somatic pili-14 and 98 min; ush, UDP-glucose hydrolase-90 and 11 min. It is possible that these represent homologous genes at different map locations, but it is more likely that they will be found to be nonhomologous genes which affect the same phenotype or homologous genes incorrectly mapped but actually at the same map location.
MATERIALS AND METHODS FOR GENETIC
ANALYSIS A variety of genetic techniques directly applicable to Salmonella spp. have been reviewed elsewhere (294, 369, 385) . Some recent developments are described below.
Insertion Mutations
Since the last edition of this map, use of transposons as genetic markers has increased greatly. Currently, insertion mutations are available in virtually all of the standard auxotrophic loci (Table 3 ). In addition, insertion mutations have been isolated near many regions of the chromosome (Table 4) . We have tried to compile a list of these mutations to give workers an idea of what material is available. These lists include mutations isolated in our laboratories and those submitted by many other workers. We have not made an exhaustive literature search, so some mutations have certainly been missed. However, the lists presented represent a start, which can be improved and expanded in future editions of the map. We solicit suggested changes and additions. Cultures of these strains are available from the laboratories in which they originated or from K. E. Sanderson, Salmonella Genetic Stock Centre, University of Calgary.
Uses of Transposons
Methods for use of transposable drug resistance elements have been outlined previously (226) and have been updated somewhat since the previous edition of the map (80, 370) . Therefore, we discuss here applications which have not had wide use or for which more recent results are available.
(i) Addition of selective markers to plasmids is frequently very useful, especially when dealing with F' plasmids carrying chromosome regions having few useful selective markers. Insertions of TnJO in F-factor sequences have been isolated which do not impair transfer ability or stability of the plasmid (81). The sequences in which these insertions lie share homology with all F' plasmids regardless of the chromosomal region carried. Thus, the tetracycline resistance phenotype can be added selectively to any F' plasmid simply by transducing a strain carrying the plasmid to drug resistance. The transduced TnJO element is inherited by standard recombination events and is introduced exclusively into the recipient plasmid.
(ii) Use of TnWO homology to direct Flac insertion and generate an Hfr origin of transfer has proven to be the most rapid and least ambiguous means of placing new genes on the chromosomal linkage map. A TnWO insertion is placed in or near the new gene by methods VOL. 47, 1983 412 SANDERSON AND ROTH (385) and in the linkage map of E. coli K-12 (24) . The segmented line to the right of the gene symbols indicates that the genes are jointy transduced; the numbers to the right of the segmented line indicate the linear distance between genes. This linear distance was determined from the frequency of joint transduction and was calculated assuming that the length of P22, KB1, and ES18 transducing fragments is 1 mmn, whereas that of P1 phage is 2 min, and applying the formula developed by Kemper (212) 277 18 A, B, 60, 277 18 A, B, 57, 58, 277 Roth, and B. Olivera, manuscript in preparation). In each of these cases transposons were used for construction of the duplication and addition of markers to the diploid. Since each situation was distinct, we will not go through the methods in detail here.
(v) The ability of the TnlO element to generate deletions adjacent to its insertion site provides a means of generating deletion mutations. The method is extremely powerful when combined with a positive selection for Tet' derivatives (59, 282) .
Recently, several observations make this method somewhat less appealing for some applications. First, the endpoints of the TnJO deletions do not appear to be randomly generated. TN986   TN801  TN1004   TT8024  TN1785  TN924  TN1781  TN780  TN1338  TN1744  TT7247   TT2342   DB4289  TT6577   TN1117   T77445   TN799  DB4672  JB1177  TN1358   TN817  TT2345  TT2337   TT1952   ST314   TR2070  ST322   NK397   TT513   TT2242  TT5371   DB9031  TA3088  TA3092   TT7293 Initially these techniques were not available for Salmonella work since phage Mu does not infect Salmonella spp. However, a variety of means have been used to circumvent the difflculty. One is to move the Mu dl phage from E. coli into Salmonella spp. by Pl-mediated transduction (305, 365) . A second method is to move Mu from E. coli on an F' factor (257) . Another has been to select mutants of Salmonella spp. that are sensitive to Mu infection (117). A fourth method has been to use Mu dl with a helper Mu phage which has tail fiber genes derived from Pl. The lysates generated by this method have the host range of Pl and can be used to infect appropriately marked Salmonella strains (94) . Once one Mu dl lysogen is generated by any of the above methods, all host range problems can be overcome by using phage P22 to move the defective Mu One of the practical problems of using Mu dl has been its instability. The prophage transposes spontaneously even when temperatures are maintained at 30°C to preserve its temperaturesensitive repressor protein. This makes it impossible to simply select constitutive mutations with higher levels of lacZ expression, since one obtains secondary fusions which place lacZ under control of a more active promoter. We have recently constructed a derivative of Mu dl which circumvents this problem. By a two-step selection, mutations were added to the Mu genes that are required for transposition. The resulting Mu dl prophage is unable to transpose as long as it is maintained in strains lacking an amber suppressor. In such strains, the Mu dl (Ampr Lac') prophage can be manipulated in much the same way as a TnlO insertion. It can be transduced by P22 into new genetic backgrounds and can be used directly for selection of regulatory mutations, even at high temperature. However, in suppressor-carrying strains, the prophage transposes actively and new fusions are easily generated (K. Hughes and J. R. Roth, unpublished data).
Transductional Methods
The chief technical advantage of Salmonella sp. as an object of genetic analysis has been the ease with which transductional crosses can be done with phage P22. Initially, the chief advantages of P22 were high transduction frequencies, simple methods of preparation of high-titer stocks, and, importantly, the stability of phage stocks during storage. Newer additions to the advantages of P22 are int mutations, which prevent integration and permit simple recovery of phage-sensitive transductants (424) . After this, the HT mutations were found to increase the frequency with which P22 packages host chromosome (402) . With these mutations, any chromosomal marker can be transduced at a frequency of approximately 10-4. This frequency makes it possible to generate on the order of 1 transductants on a single plate. The resolution of mapping crosses is therefore extremely high. Recombination between mutations separated by the order of 10 base pairs can easily be scored on a single plate. In the words of John Scott, "P22HT takes the worry out of being close" (J. Scott, personal communication).
The second consequence of this high transducing frequency is the ability to detect twofragment transduction events. If single mutations are restored by recombination at a frequency of 10-4 transductants per phage particle, the two-fragment events can be expected at about 10-7 double transductants per phage particle (when crosses are performed at a multiplicity of 10). Thus, if 109 phage are used on a single selection plate at a multiplicity of 10, one can expect to observe on the order of 100 double transductants. This can be a problem when a low cotransduction frequency is being measured, since even unlinked markers show apparent cotransduction when each is carried into the cell on a separate fragment. For example, under the conditions described above, a cotransduction frequency of 0.1% is meaningless since twofragment events are expected at this frequency. In these cases one needs to repeat the cross with a low multiplicity of infection (<1). If cotransduction is still seen, one can conclude that true linkage is being observed.
The possibility of detecting two-fragment transduction events can be exploited to good advantage. Deletions larger than one fragment can be repaired by such two-fragment events. If each of two fragments carries a portion of the material, the whole region can be reassembled by recombination. Such events should show the expected dependence on multiplicity of infection. We have used these two-fragment transductions in two situations. One is in the repair of large inversion mu'tations for which one fragment is needed to repair each breakpoint of the inversion (372) . The two-fragment transduction events also contribute to P22's ability to transduce the large Mu dl prophage into new strains as outlined above (Hughes and Roth, unpublished data).
Surprisingly, the HT mutation appears to give P22 the ability to transduce small plasmids such as pBR322 from one strain to another. This is a very convenient means of strain construction since it eliminates the need to prepare plasmid DNA and transform cells. Initial attempts to transduce plasmids with P22 suggested the need for homology between P22 DNA and the plasmid to be transduced (327) . These initial experiments were performed with standard P22 phages (no HT mutation). P22HT can transduce plasmids which have no homology with the P22 genome. This phenomenon has been studied by Rolf Menzel and Royce Johnson (personal communication). They found that plasmid transduction is independent of the state of the recA gene in either the donor or the recipient. The transduced fragment contains a concatenate of plasmid genomes repeated several times. A possible explanation of this process may be that P22 infection induces rolling-circle replication of the plasmid and P22HT can encapsulate the resulting concatenate. Transductants carry the standard plasmid, with most copies being present as monomers.
Removing a P22 prophage from a lysogenic strain is occasionally desirable. We have found that an easy method for doing this is to transduce deletion proAB47 into the lysogenic recipient strain. Since this deletion removes the P22 attachment site, inheritance of the deletion necessitates loss of the P22 prophage. The deletion can be transduced selectively since it removes the gene gpt and therefore generates the 8-azaguanine-resistant phenotype. A transducing VOL. 47, 1983 on November 2, 2017 by guest http://mmbr.asm.org/ 440 SANDERSON AND ROTH lysate grown on a strain carrying the proAB47 mutation can transduce any recipient to 8-azaguanine resistance on plates containing 8-azaguanine and proline. Transductants (which are present above a background of spontaneous resistant mutants) are Pro-and can be freed of phage by being streaked.
A procedure has been developed which allows the propagation of generalized transducing phage of P22 directly on cells growing on solid media. The donor cells can be killed with chloroform, the phage transferred directly to recipient cells, and transductants selected (367) .
Recently, coliphage A has been successfully used in Salmonella spp. Growth of X in Salmonella spp. requires overcoming two obstacles: failure to adsorb and failure of the antitermination protein N of X to function in Salmonella spp. (129). The first problem has been solved by introducing the lamB gene of E. coli in place of the Salmonella sp. equivalent (337) . This adds the surface features required for A infection. The second problem is solved by using N-independent (nin) mutants of X. This is easily arranged since most of the X cloning vectors are nin mutants. Maurer and Botstein have used lambda extensively for the cloning of Salmonella sp. DNA replication genes (R. Maurer, personal communication).
Conjugation Methods
Methods of F-mediated conjugation were reviewed in edition V of the linkage map (385) . A list of Hfr strains was presented earlier (388) . In addition, as noted above, TnlO homology can be used to direct Flac insertion and generate Hfr origin of transfer (81). The frequency of Fmediated transconjugant formation between strains of S. typhimurium LT2 is the same as for E. coli K-12 (ca. 1.0 per donor cell) if two barriers to mating are overcome. The first barrier, due to repression of F by a plasmid labeled pSLT (earlier called the "cryptic plasmid," the LT plasmid, or MP10), reduces the number of cells with F pili and reduces mating efficiency by a factor of 100 to 1,000 (9, 387, 428) . This barrier can be overcome by use of donor strains lacking plasmid pSLT or by use of strains in which the F carries mutations in the traO or the finP gene (122), making them insensitive to pSLT repression (387) . The second barrier to conjugation is the somatic side chains on the lipopolysaccharide of the normally "smooth" strains of S.
typhimurium, which reduce the frequency of mating aggregation and of transconjugant formation, especially when mating is in broth rather than on solid medium. The frequency of mating aggregation and of transconjugant formation is increased by a factor of 20 in "rough" mutants which have lost the somatic side chains of the lipopolysaccharide (386, 474 
